Abstract: Uniform synthetic polymers with precisely defined molar mass and monomer sequence (primary structure) have many potential high-value applications. However, a robust and versatile synthetic strategy for these materials remains one of the great challenges in polymer synthesis. Herein we describe proof-of-principle experiments for a modular strategy to produce discrete oligomers by a visible-light-mediated radical chain process. We utilize the high selectivity provided by photoinduced electron/energy transfer (PET) activation to develop efficient single unit monomer insertion (SUMI) into reversible addition-fragmentation chain-transfer (RAFT) agents. A variety of discrete oligomers (single unit species, dimers, and, for the first time, trimers) have been synthesized by sequential SUMI in very high yield under mild reaction conditions. The trimers were used as building blocks for the construction of uniform hexamers and graft copolymers with precisely defined branches.
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IUPAC defines uniform polymers as being composed of molecules uniform with respect to relative molecular mass and constitution. [1] Natural polymers, such as peptides and nucleic acids, are uniform polymers with precise monomer sequence that provides for unique biological functions, which include motifs for molecular recognition (e.g., RGD tripeptide), biocatalysis (e.g., enzyme), and data storage (e.g., DNA). Many scientists have tried to emulate the precision of natural polymers with synthetic polymers owing to the additional opportunities provided by the broad chemical diversity of monomers, well-established polymerization processes, and their relatively simple manipulation. However, precision in monomer sequence control remains a challenge and as a consequence uniform synthetic polymers remain elusive.
Two major trends are evident in reported approaches for control of sequence distribution in synthetic polymers at the monomer level. [2] The first is based on the biological concepts already optimized by nature for sequence regulation whereby DNA templates, enzymes, or even living organisms are used to prepare sequence-defined polymers. However, these approaches are applicable to only a limited range of polymers made with biologically compatible monomers or their biomimics. The second trend applies sequential organic reactions and requires high reaction chemoselectivity and/or the application of advanced separation techniques. One of the best known examples of this approach is solid-phase peptide synthesis where individual monomer units are attached one by one to a support. [3] There are other examples of solidsupported iterative monomer addition to form sequencedefined polymers using different chemistries. [4] Other elegant examples of the synthesis of sequence-defined macromolecules make use of template-mediated synthesis. [5] Herein we are interested in developing processes based on non-supported, non-templated, iterative monomer addition. There are some examples involving chain processes, such as atom transfer radical addition (ATRA) [6] or RAFT SUMI (see below), or various condensation or addition reactions, [7] which include the Passerini 3-component reaction, [8] and photoligation chemistry. [9] Often, these processes have been used to prepare sequence defined building blocks for construction of periodic polymers by condensative chain polymerization (called step growth-radical addition), [6d, 10] atom transfer radical coupling, [6e] iterative exponential growth, [11] or anionic polymerization. [12] I With certain monomer combinations it is possible to make periodic polymers comprising well-defined sequences directly from monomers. [6c, 13] In the more general case it is only possible to control sequence at the block or segment level. Nonetheless, elegant syntheses of high order multiblock copolymers have been devised based on nitroxide mediated polymerization (NMP), [14] thicarbonylthio, [15] or sulfur-free RAFT, [16] or various forms of atom transfer radical polymerization (ATRP). [17] The statistical limitations on monomer placement precision using these methods have been defined. [18] The existent methods for iterative monomer addition provide relatively low yields or are subject to side reactions that give defective (or imprecise) structures. Recently, new separation techniques, which include automated flash chromatography [19] and preparative recycling size exclusion chro-matography, [20] have been developed that enable separation of discrete oligomers from the reaction derived oligomer mixtures. However, the applicability of such approaches depends strongly on the nature of the polymers and their functionalities.
The first examples of purposely conducted single unit monomer insertion (SUMI) can be attributed to Zard and coworkers, [21] who in 1988 developed a synthetic strategy based on SUMI of various less activated monomers (e.g., vinyl esters, vinyl amides, vinyl imides, allyl monomers) into xanthates in modest yield. Various initiation processes including direct UV light photoinitiation, and those with added visible-light photoinitiators or thermal initiators were explored. A recent example is sequential SUMI of N-vinylphthalimide followed by an allyl monomer into a xanthate. [21c] In 2004, Chen and co-workers [22] applied SUMI into a styrene derivative to prepare new dithiobenzoate macro-RAFT agents as precursors to light harvesting polymers. This SUMI strategy has since been applied to a wider range of examples involving more activated monomers (e.g., styrenes, vinylthiophenes acrylamides) and either trithiocarbonate or dithiobenzoate RAFT agents. [23, 24] Very high yield (> 95 %) based on the initial RAFT agent can be obtained for the first SUMI step. However, a limitation of the approach is the formation of various initiator-derived byproducts. [24] These products arise from cage recombination or initiator derived radicals and trace products from primary radical termination. Selective, near quantitative, formation of uniform two unit oligomers by sequential SUMI has also been demonstrated for certain monomer combinations (e.g., styrene followed by maleic anhydride into a dithiobenzoate [23d] ). However, for the more general case further byproducts are formed as a consequence of initiator-derived radicals also adding to the monomer. It was proposed that initiator-derived byproducts might be avoided by directly generating initiating species from the RAFT agent. [24] The viability of this approach was recently demonstrated for a series of monomers (styrene, acrylates, and acrylamides) using PET-RAFT SUMI (photoinduced electron/energy transfer-reversible addition-fragmentation chain transfer single unit monomer insertion). [25] Herein, we provide the first demonstration that sequential PET-RAFT SUMI, with appropriate selection of the RAFT agents, photocatalysts and monomers, can be used to prepare uniform, sequence controlled oligomers and show how these can be used to create higher order structures.
The synthetic approach for sequence-defined trimers is shown in Scheme 1 A and employs two different photoredox catalysts, with different photo-physical and chemical properties, (fac-Ir(ppy) 3 and zinc tetraphenylporphyrin (ZnTPP)) to selectively activate different PET-RAFT SUMI reactions.
The selection of RAFT agent and monomers both play an important role in the purity of the final oligomers. To achieve single-unit monomer addition, two major challenges must be overcome: 1) to selectively activate an initial RAFT agent in the presence of the product macro-RAFT agent being formed by SUMI; 2) to prevent multiple additions of monomer within a given activation cycle (Scheme 2). The first challenge is overcome through appropriate selection of the initial RAFT agent. [26] The rate constants for RAFT agent photo-dissociation (k d , k d ') are strongly correlated to the respective C À S bond dissociation energies (D C-S ). For selective SUMI, D C-S , and k d (for the initial RAFT agent) should be much higher Scheme 1. Synthetic chemistry for sequence-defined trimers using mono-and di-functional RAFT agents, A) CDTPA and B) CETPA. C) Chemical structures for the monomers investigated in this study.
than D C-S and k d ' (for the generated SUMI product). It is also important to mitigate the consequences of radical activation of the SUMI macro-RAFT agent. This cannot be prevented. However, with D C-S (RM-S-) > D C-S (R-S-) for the intermediate formed by addition of RC to RM-SC(S)Z, the most likely fragmentation pathway will be return to starting materials with a lower chain transfer possibility. This accounts for the phenomenon of selective initialization in RAFT polymerization and the success of thermally initiated SUMI. [24, 27] The second challenge is to limit propagation or multiple monomer additions. This requires that the rate of propagation is much lower than the rate of chain transfer or recombination with the thiocarbonylthio radical
there is less than one monomer inserted per activation cycle. Monomers that do not readily homopolymerize (e.g. maleic anhydride) are ideal.
For the initial RAFT agent, we selected 4-cyano-4-(((dodecylthio)-carbonothioyl)thio)pentanoic acid (CDTPA, Scheme 1 A) for the following reasons: 1) low D C-S ; CDTPA can generate the 4-carboxy-2-cyanobutan-2-yl (RC) radical and its corresponding trithiocarbonate radical by direct irradiation with visible light (blue to green); [28] 2) CDTPA is known for its high transfer constant (k tr ) to a wide range of monomers, including methacrylates and styrenes; [24] 3) The 4-carboxy-2-cyanobutan-2-yl radical has a high rate of addition (k add ) to styrene relative to further propagation, that is, k add @ k p . [24] Styrene and its derivatives were good candidates for screening as the first unit monomer owing to their low k p at room temperature. Meanwhile, the re-activation of the styrene SUMI product (CDTPA-St) is much less favorable owing to the increased D C-S with respect to the initial RAFT agent CDTPA, [26] which fulfils the requirement of k d ' ! k d . Moreover, similar RAFT agents have already been used for SUMI with thermal initiation. [24] The conditions used in the present work are rendered more challenging by a low initial RAFT agent concentration (dictated by the RAFT agent solubility) and a high ratio of monomer to RAFT agent (required to give acceptable rates).
Experiments were performed with red, green, or blue light irradiation. Red light was ineffective, with minimal consumption of CPDTA observed, owing to the absence of absorption by the trithiocarbonate chromophore. Blue light gave faster consumption of CPDTA but also provided by-products including products from multiple monomer unit insertion. Selective SUMI was observed with green light. We speculate that under green-light irradiation we achieve selective photodissociation of CDTPA. A higher k d is anticipated because of a weaker C À S 2 Z bond in CPDTA than in CDTPA-St. Thus, in preparing the SUMI product, CDTPA-St, a deoxygenated solution of CDTPA and St in acetonitrile was irradiated under green LED light (l max = 530 nm, 0.6 mW cm À2 ) at ambient temperature. To achieve acceptable reaction rates, a 10:1 molar ratio of [St]:[CDTPA] was used and the reaction kinetics were monitored by online Fourier transform nearinfrared (FTNIR) spectroscopy (Figure 1, inset) . The conversion of St gradually increased plateauing at 10 % corre- sponding to complete CDTPA consumption. That no further St conversion was observed, even after an extended irradiation time, can be attributed to the effects of selective photoinitialization and thus minimal radical generation in the absence of CDTPA. Only with a larger excess of St was any dimer observable (trace amounts of dimer were seen with [St]:[CDTPA] = 20:1). The solvent and excess monomer were removed by evaporation under reduced pressure. The 1 H NMR spectrum of the crude product exhibited the characteristic peaks for the CDTPA-St SUMI product (Figure 1, top) . The absence of signals ( Figure S1 , bottom) corresponding to a putative double insertion product (expected at d % 5.1-4.8 ppm CDTPA-St-St) [24] demonstrates the fidelity of the process.
After reaction with St, the GPC curve (Figure 2 ) of CDTPA shifts to higher molar mass (shorter retention time) with no observable side products or residual CDTPA (absence of a shoulder or tailing on GPC curves). Similarly, ESI-MS reveals the presence of ions at m/z 508.24 (M + H + ) ion and 525.26 (M + NH 4 + ) consistent with CDTPA-St (Figure 3 D) . In contrast to thermal SUMI reactions, [24] we can perform the reaction at room temperature, which reduces the propagation rate (k p ) further and significantly decrease the possibility of dimer formation. Under similar SUMI conditions, other monomer families (acrylates and acrylamides) with higher k p than St tend to form 5-10 mol % of dimer after long reaction times (data not shown).
The versatility of this process was demonstrated by the successful SUMI of other styrene derivatives, including 4-methoxystyrene (MeOSt), 4-tert-butyl styrene (tBuSt), 3-vinylbenzaldehyde (VBA) and 4-vinylbenzylchloride (VBC), under the same conditions. Kinetic investigation of MeOSt and tBuSt by online FTNIR spectroscopy revealed the same behavior as observed for St ( Figure S3 ) with monomer conversion plateauing at about 10 %. The chemical structure of all products was confirmed by 1 H and 13 C NMR, GPC, and ESI-MS as shown in Figures S4-S13.
For the second monomer, N-substituted maleimides (N-phenylmaleimide (PMI), N-benzylmaleimide (BMI) and N-ethylmaleimide (EMI), Scheme 1 C) were selected because of their high addition rate (high k add ) to the styrene-derived radical (donor-acceptor monomers) and the high transfer constant of the styrene SUMI macro-RAFT agent with maleimide radical (high k tr ). This allows a 1:1 molar ratio of monomer to RAFT agent to be successfully utilized, with complete conversion achieved in a reasonable time period. Furthermore, while the N-substituted maleimides do homopolymerize under some conditions, [29] their k p values are sufficiently low that they appear in tabulations of non-homopolymerizable monomers, [30] which means there is likely to be at most one monomer unit inserted per activation period.
To excellent yield (> 99 %) after 48 h irradiation. Product formation was monitored by 1 H NMR spectroscopy. The signals at d = 5.5 ppm, attributed to the benzylic methine proton adjacent to sulfur ( Figure S18 ), shifted to d = 3.5-3.9 ppm after monomer addition. Two new peaks at d = 4.5-4.8 ppm were observed for the methine proton of the maleimide unit adjacent to the trithiocarbonate. A trace amount of residual PMI was removed by precipitation in cold hexane to give CDTPA-St-PMI in an isolated yield of 95 %. SUMI of PMI was further confirmed by GPC, which shows the complete shift of the peak for CDTPA-St-PMI compared to that of CDTPA-St (Figure 2) , as well as by ESI-MS (Figure 3 C) with a single M + Na ion at m/z 703.27 for CDTPA-St-PMI.
The versatility of this strategy was further illustrated by the ability to employ other N-substituted maleimide monomers, BMI and EMI, in reaction with CDTPA-St to give the corresponding SUMI products, CDTPA-St-BMI and CDTPA-St-EMI.
1 H NMR (Figures S19 and S20) and ESI-MS ( Figure S21 ) again confirmed their structural integrity and high purities.
For the third monomer, vinyl acetate (VAc) and limonene (Lim, Figure S23 ) showed behavior similar to that observed for St insertion with monomer conversion plateauing at around 5 % after full conversion of CDTPA-St-PMI. The crude product was purified by simple purification (silica gel) to remove ZnTPP catalyst and trace amounts of multiple insertion products (estimated by GPC as < 10 %). GPC analysis showed a narrow and symmetrical peak with no shoulder or tailing (Figure 2) . 1 H NMR spectroscopy (Figure S24) clearly showed the signal for the methyl group of the VAc unit at d % 2.0-2.2 ppm, although the peaks were overlapped. The ESI-MS confirmed the proposed structures displaying m/z 789.30 (M + Na) and 767.33 (M + H; Figure 3 B) . Notably, RAFT polymerization of VAc using trithiocarbonate RAFT agents with thermal initiation is strongly inhibited, which has been attributed to slow fragmentation of the intermediate radical. [31] In the case of SUMI, processes that disfavor propagation are desirable.
SUMI of Lim into CDTPA-St-PMI was expected to show higher selectivity than VAc as k p is reported to be zero. [13] Multiple Lim insertion was not detected, even after extended reaction times, and with the more active fac-[Ir(ppy) 3 ]) as photocatalyst. The desired SUMI product was obtained in about 99 % yield after purification and catalyst removal by passing through a short plug of silica gel. Its structure was confirmed by GPC (Figure 2 ), ESI-MS (Figure 3 A) , and 1 H NMR spectroscopy( Figure S26 ).
The carboxylic acid functional trimers were employed as building blocks for the construction of graft copolymers with uniform sequence defined grafts (Scheme 3). N,N'-Dicyclohexylcarbodimide (DCC) coupling of the trimer, CDTPA-St-PMI-Lim, with 2-hydroxylethyl methacrylate (HEMA) provided the macromonomer, CDTPA-St-PMI-Lim methacrylate (SPLMA). The structure of the macromonomer was confirmed by 1 H NMR spectroscopy ( Figure S30 ), GPC (Figure S31) , and ESI-MS ( Figure S32) ). Copolymerization of this macromonomer with methyl methacrylate (MMA) through PET-RAFT process in the presence of a dithiobenzoate RAFT agent (4-cyano-4-((phenylcarbonothioyl)thio)pentanoic acid, CPADB) and the photoredox catalyst, pheophorbide a, PheoA. The experiment takes advantage of the ability of PheoA to selectively activate the dithiobenzoate [25a] under red-light irradiation and the poor homolytic leaving group of the radical with a terminal Lim in SPLMA trithiocarbonate. As a result, the trithiocarbonate in the macromonomer was not activated. Thus, a graft copolymer, poly(MMA-co-SPLMA), with precisely defined trimer grafts was prepared (Scheme 3).
The copolymerization kinetics were monitored by online FTNIR spectroscopy. The linear plot of ln([M] 0 /[M] t ) vs. reaction time (Figure S33 A) suggests a constant radical concentration, while NMR spectroscopic and GPC (Figure S33C ) analysis demonstrate simultaneous incorporation of the two monomers with SPLMA being consumed slightly faster than MMA. The living qualities of the copolymerization are evidenced by excellent agreement between the experimental and theoretical molar mass and low dispersities ( < 1.15; Figure S33B ). The chemical structure of the purified graft copolymer (M n = 16 000, M w /M n = 1.14) was further investigated by 1 H NMR spectroscopy ( Figure S34 ). Signals at d = 7.9 and 7.55 ppm assigned to the dithiobenzoate moiety confirm end group integrity while resonances at d = 5.35, 4.2, and 3.6 ppm demonstrate the successful incorporation of the SPLMA monomer.
The trimers were also used as building block to afford a uniform hexamer by DCC coupling with diols (Scheme S1, Figure S27 -S29 and associated results and discussion). The technique has also been successfully implemented with a di(carboxylic acid)-functional RAFT agent to yield discrete di-acid trimers as potential precursors to periodic polymers (to be reported).
In summary, a new synthetic strategy for the production of discrete, sequence-defined oligomers using the specificity of visible-light photoredox catalysis and PET-RAFT is developed. Well-defined trimers with the monomer sequences comprising a styrene, an N-substituted maleimide, and either vinyl acetate or limonene were prepared in excellent overall yield (> 95 %) under mild reaction conditions. These materials were used as building blocks in forming graft copolymers with precisely defined branches and uniform hexamers. Through careful design of the chemical structures of the RAFT agent and monomers, this technique has great potential for the construction of precise macromolecules and advanced materials. For selective, high yield, PET-RAFT SUMI, it is desirable that the precursor RAFT agent can be activated while the product RAFT agent is not activated or is activated at a very much lower rate (i.e. The intermediate formed by radical addition to the product RAFT agent should fragment preferentially back towards starting materials (i.e. the propagating species R-MC is a poor homolytic leaving group relative to RC). Finally, the concentration of radicals should be sufficiently low so as to minimize termination and yet provide an acceptable rate of reaction. These kinetic parameters are important. However, if they are not ideal, the reagent concentrations can be also chosen to favor the desired outcome. The full scope of the process is currently being explored. For examples where k p ¼ 6 0, two processes may contribute to molar mass control in the PET-RAFT SUMI process. Preliminary calculations (Supporting Information) indicate that reversible dissociation by itself
is unable to regulate molar mass to provide a pure SUMI product under our conditions and that the success of our strategy is reliant on the high transfer constant of the RAFT agent or macro RAFT agent used (k p [M] ! k tr [RAFT] ). While there has been some debate, [32] the RAFT mechanism has also been shown to be the dominant process controlling molar mass in most other photo-RAFT processes.
[21a, 33] When transfer constants are low, as for the dithiocarbamate iniferters described by Otsu and co-workers in their pioneering studies of living radical polymerization, [34] only poor control is observed.
